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The main parameters that define how a multichannel electrode performs in experiments are the intersite distance and the surface area of each recording site. Intersite distance defines the amount of correlation between signals recorded by the different sites. If the sites are too close to each other, no additional information is produced by having multiple sites; if the sites are too far apart, spike amplitudes in some sites can fall below detection threshold and the tetrode effect is lost. On the other hand, the recording site area affects the amplitude of the recorded spikes as well as the volume of tissue from which the electrode can record. The electrical impedance of the interface between a recording site and the surrounding medium (usually referred to as electrode impedance) is also inversely proportional to the site surface area. This poses an ultimate limit for making the sites smaller, because high electrode impedance leads to increased thermal noise and attenuation of the recorded signals (Nelson et al. 2008; Robinson 1968) .
Neurons vary greatly in their size and morphology, and it is very unlikely that any one electrode design would be optimal for studying all of them. Therefore, it would be beneficial to be able to adjust the intersite distance and site geometry independently of each other. To meet these requirements, we have developed a novel method for manufacturing multichannel electrodes with standard laboratory equipment that provides the following beneficial features: multiple recording sites, small size, and adjustable geometry.
MATERIALS AND METHODS
Basic manufacturing process. A comprehensive guide on working with carbon fibers has been given by Millar and Pelling (2001) . Polyacrylonitrile-and pitch-based carbon fibers with diameters between 5 and 10 m were purchased from Goodfellow Cambridge. Carbon fibers are typically supplied in a bundle that is sized with an epoxy or epoxy/polyurethane resin. The size was removed by heating the bundle to 400°C for 6 h (Schulte and Chow 1998) . After the heating, individual fibers could be easily separated from the bundle.
Separated carbon fibers were attached to a polytetrafluoroethyleneinsulated AWG 32 copper wire (Industrifil) using a conductive twocomponent epoxy (CircuitWorks; Chemtronics) and cut to a predetermined length (typically 15-20 mm). The fiber-wire assemblies were heated to 80°C for 15 min to cure the epoxy. To produce type I electrodes, each barrel of the multibarrel capillary was filled individually and the fiber-wire assembly was pulled inside the barrels of a multibarreled capillary glass (Science Products) and fastened to the glass with two-component epoxy (Fig. 1A) . Ends of the capillary were covered with heat-shrinking tubing to prevent damage during clamping to an electrode puller.
The carbon fiber-loaded glass was pulled to a fine tip with a vertical electrode puller (Narishige PE-21). The glass was positioned in the puller so that the carbon fibers extended through the heating filament. Best results were achieved with a gravity-only pull. After the pull, all of the carbon fibers were attached to the upper half with Ͻ1 mm of carbon fiber protruding from the tip (Fig. 1B) . The length of the fibers protruding from the glass should be as short as possible, because long fibers may get stuck to the lower half of the glass capillary and break the fiber or fracture the insulating glass layer near the tips.
Carbon fibers were trimmed to appropriate length by direct current (DC) etching with high voltage. An adjustable DC voltage source was constructed using a high-voltage power supply [model 2A (4W) ; Ultravolt], which enabled adjustment of the etching voltage between 30 and 2,000 V. The electrodes to be etched were mounted on a mechanical micromanipulator, which allowed precision positioning of the electrodes under a high-power microscope (Olympus BH-A) in relation to a tungsten needle mounted on the microscope's x-y table that acted as the counterelectrode. To trim the carbon fibers to a desired length, the positive terminal of the voltage source was connected to the tungsten needle and the negative terminal to the electrodes to be etched. A voltage between 100 and 400 V was applied to the tungsten needle, which was then brought to close vicinity of the electrode, ϳ100 m from the glass insulation, until the carbon fiber started to etch. The current was limited so that no visible sparks were generated during the etching to avoid damaging the electrode.
To form a conical recording tip, a loop made of platinum wire was used as the counterelectrode (Fig. 1B) . The positive terminal of the voltage supply was connected to the electrode tips, and they were brought to the center of the loop under the microscope. The voltage was adjusted until an electrical breakdown between the tip and the loop was formed (typically this occurred at voltages of 1,000 -1,500 V). Tips assumed a conical shape and were reduced to a desired length, which could be controlled with very high accuracy (Fig. 1C ). All of the tips could be etched simultaneously, or, if desired, tips could be etched individually to yield tips with different lengths.
Coating of the electrode tips. A scanning electron micrograph of an electrode manufactured as described above is shown in Fig. 2A . Glass near the tips is very thin, and small microfractures might appear if the tip were bent. Furthermore, with the high-voltage etching method alone, tips could not be etched shorter than 15-20 m, because the seal between the fiber and the glass became unreliable. To overcome these issues, we applied additional insulation to the tips. Cathodic electrodeposition paint (Clearclad HSR; LVH Coatings, West Midlands, UK) was used as an insulating material (Zhang et al. 1999 ). The negative terminal of a voltage source was connected to the electrodes and the positive terminal to a platinum or graphite counterelectrode placed in the paint solution. The electrode tips to be coated were lowered in the paint solution, and the paint was deposited by applying a DC voltage of 1.5-2 V for 5-10 min, depending on the desired final thickness. Multiple electrodes could be coated simultaneously. After the coating, any excess paint was removed from the tips with distilled water and the electrodes were heated to 190°C for 30 min to cure the coating. After the paint was cured, the electrical impedance of each tip was measured in 0.9% NaCl solution with a commercial microelectrode impedance tester (model ICM; FHC) using a 100-mV peak-topeak sine wave with 1-kHz frequency. Insulation was considered successful if tip impedance was above 10 M⍀. If any of the tips in an electrode were found incompletely insulated, the electrode was recoated. An electrode assembly insulated by using this method is shown in Fig. 2B . It is evident that any microfractures near the tips became covered by the insulation.
To form the final recording sites, insulation was selectively removed with the same equipment that was used for etching the tip. Typically this was done by applying high-voltage pulses (amplitude 600 -800 V, duration 20 ms) to the electrodes by using a tungsten needle positioned 10 -20 m from the tips as the counterelectrode (Fig. 1, D and E) . However, it was not possible to directly control the amount of insulation removed with this method. Furthermore, recording contacts are always opened at the tips of the carbon fibers, and it is not possible to make them along the shank of the fibers with this method. To increase control over geometry of the recording sites, we applied focused ion beam (FIB) milling (Qiao et al. 2005 ) (Helios NanoLab; FEI) to selectively remove the insulation. FIB is a nanomanufacturing technique that utilizes a high-energy ion beam that is focused on the surface of the specimen to produce extremely fine details (working resolution below 10 nm). This enabled full control over the recording site size and location. A scanning electron microscope (SEM) installed to the FIB setup was used for a quick inspection of the results. For the higher resolution electron microscopy, finished electrodes were sputtered with a platinum film and imaged using a Zeiss Ultra Plus field emission SEM.
Type II electrode variant. Type II electrodes were manufactured using equipment and techniques similar to those for type I electrodes. Again, carbon fibers were glued to copper wires, and the fiber-wire assemblies were pulled inside glass capillaries. However, the assemblies were not attached to the glass before the capillaries were pulled. Furthermore, glass was positioned in the puller so that the carbon fibers did not get attached to the glass during the pull (Fig. 3A) . After the pull, the tips were beveled using a modified computer hard drive (Canfield 2006) to produce openings with desired diameters. This permits control of the lateral distance between the recording sites. After beveling, the fiber-wire assemblies were pushed until the carbon fibers protruded from the beveled glass (Fig. 3B) . To facilitate the insertion, tips were filled with ethanol, which acted as a lubricant. After the fibers were set to the desired level, the ethanol was quickly removed by heating the tips with a hot air gun. The tips and the connector wires were then fastened to the glass with epoxy. After the fibers were secured in place, their length was adjusted with the same high-voltage equipment that was used for manufacturing type I electrodes (Fig. 3B ). Typically the tips were etched so that 100 m of fiber extended from the glass insulation. For best control over electrode impedance, the tips were insulated with electrophoretic paint and recording contacts were opened by high-voltage pulses (Fig. 3,C  and D) .
Electrophysiological experiments. Blowflies (Calliphora vicina) were grown in laboratory stock, and when necessary, the stock was refreshed with animals obtained from Blades Biological (Edenbridge, UK). All data presented were collected from female flies. For electrophysiological recordings, flies were fixed inside a plastic pipette tip with a mixture of paraffin and beeswax. Legs and wings were left intact but immobilized. To immobilize the head, the lower front part of the head capsule was fixed to the pipette tip. Furthermore, the proboscis was pulled out and also attached to the pipette tip. To access the lobula complex, the back of the head capsule was opened and trachea covering the lobula area was removed. If necessary, the brain was superfused with fly saline (Hausen 1982) to prevent drying. Electrodes were attached to and driven to the brain with a custommade piezo manipulator (Sensapex, Oulu, Finland). Recorded signals were amplified using a 16-channel extracellular amplifier (model 3600; A-M Systems) and band-pass filtered from 0.3 to 5 kHz. Amplified signals were digitized and stored on a personal computer using custom-made data acquisition software. The fly was stimulated with a spherical virtual arena, where a data projector was used to produce images that covered most of the visual field. A naturalistic forest scene was projected on the arena, and the scene was rotated around the three principal axes to generate visual motion corresponding to those generated during pitch, yaw, and roll maneuvers of flight. Final versions of type I electrodes were tested in experiments with six flies, and type II electrodes were tested with three flies. Several electrodes were used in each experiment. Note that a much larger number of experiments were done during the method development process. Fig. 3 . Preparation of the type II electrode variant. A: a 4-barrel glass capillary loaded with the carbon fiber-containing wires after the pull. B: tip of the electrode after the sharp tip has been beveled. C: opening of the recording contacts after insulation by electrophoretic painting. D: tip of a finished type II electrode.
Spike sorting was performed in an unsupervised manner with EToS (efficient technology of spike sorting) (Takekawa et al. 2010) . After automatic sorting, clusters that had very similar waveforms were combined by the operator. Furthermore, outliers were removed from each cluster by using custom-made routines. For each sample of each spike, distance from the mean value of that sample across all the spikes in the cluster was calculated. If this exceeded four standard deviations, the spike containing that sample was discarded as an outlier. This was found to be very efficient for removing superpositions and misclassified spikes.
RESULTS
We have developed a multichannel electrode manufacturing method that builds on earlier work on carbon fiber electrodes. The carbon fiber was introduced as a microelectrode material at the end of the 1970s for both the spike recordings (Armstrong-James and Millar 1979; Fox et al. 1980 ) and the electrochemical applications (Ponchon et al. 1979) . Biological electrochemistry applications include amperometric detection of oxidizable neurotransmitter Chow 1996, 1998) or hormone secretion (Zhang et al. 1999) , as well as detection of neurotransmitters in vivo by cyclic voltammetry (Clark et al. 2010; Robinson et al. 2003) . Carbon fiber microelectrodes with multiple sensing elements have also been developed to carry out electrochemical experiments with high spatial resolution (Dressman et al. 2002; Zhang et al. 2008) or to detect multiple neurotransmitters simultaneously (Pennington et al. 2004 ). In addition, multichannel iontophoresis barrels have been combined with a single low-impedance carbon fiber recording tip (Armstrong-James and Millar 1979; Budai and Molnár 2001; Fu and Lorden 1996; Inagaki et al. 2009 ). However, to our knowledge, multichannel carbon fiber electrodes suitable for spike recordings have not been previously described in the literature.
Two variants exist for the novel electrodes (see MATERIALS AND METHODS). Geometry of type I electrodes is similar to that of the traditional wire tetrodes, and all of the fibers that make up the multichannel electrode are bundled together (Fig. 1E) . In type II electrodes, the individual electrodes are laterally well separated from each other (Fig. 3D) . In both variants, the carbon fibers are insulated and supported by borosilicate glass capillaries with additional coating of tip areas. This ensures flawless insulation and enables customization of the recording site geometries. We have so far manufactured type I electrodes with up to four recording sites, whereas type II electrodes have been made with up to seven sites. Minimum overall size of the multichannel electrode is determined by the carbon fiber diameter (fibers with diameters between 5 and 10 m have been used with success).
To customize the type I electrodes, selective removal of the coating can be performed by either high-voltage pulses (Fig. 4A) or, if greater precision is required, FIB (Qiao et al. 2005) (Fig. 4B) . FIB is a nanomanufacturing technique that enables precisely controlled removal of the insulation at any location on the carbon fiber. In type II electrodes, the recording sites are at the tips of individual carbon fibers (Fig. 4C) , and distance between the recording sites can be fully adjusted both parallel and perpendicular to the electrode axis. It takes ϳ1 h for an experienced operator to manufacture one four-channel electrode.
Experimental data were recorded from the lobula complex of the blowfly (C. vicina) to demonstrate the functionality of new electrodes and to study the effect of electrode geometry on the quality of data. All data in this article were collected with electrodes that had electrical impedances between 0.5 and 1.5 M⍀ at 1 kHz. Surprisingly, we found out that the electrodes were able to penetrate neurilemma that encapsulates the fly brain, which has not been previously possible with any of the conventional multichannel electrodes we have tested. This was found to be attributable to the inelastic nature of the carbon fibers, which also makes them easier to handle during the manufacturing. Therefore, the electrode tips can be made smaller than with more conventional materials (e.g., platinum/ iridium or tungsten) without compromising the mechanical durability and ability to penetrate the nervous tissue.
Intact neurilemma was found to greatly improve the preparation life time and intactness of the extracellular space, which resulted in increased measurement radius and improved signalto-noise-ratio (SNR; judged by the increased activity and number of resolvable single units). Spikes with good SNR were obtained with all electrode geometries. However, correlations between the signals recorded at different channels varied significantly with different geometries, and center-tocenter site separation below 10 m resulted in nearly identical signals (Fig. 5, A and C) . Therefore, in this model system the type II electrodes were clearly better than the bundled type I electrodes (Fig. 5B) . The correlation was somewhat reduced when recording sites of type I electrodes were placed along the length of the fibers (Fig. 5D , electrode type presented in Fig. 4B ). Finally, a type II electrode with seven recording sites situated 30 -50 m apart was used to record from neurons on the visual pathway while presenting the fly with naturalistic scene rotations around the three primary axes (Fig. 6A) . Responses from five simultaneously recorded neurons are shown to demonstrate good data quality and the tetrode effect (Fig. 6 , A-C).
DISCUSSION
We have presented a novel method for manufacturing multichannel carbon fiber electrodes that can be customized to suit a multitude of experiments. Type I electrodes can be manufactured with extremely tight spacing between the recording sites, which can be advantageous for studying very small, closely spaced neurons. The possibility to precisely produce recording sites with dimensions in the nanometer scale by using the FIB enables customization of the electrode geometry to the target tissue. Type II electrodes were found to be generally superior to the bundled type I electrodes, which resemble traditional wire tetrodes. They can record from similar volumes of brain tissue as traditional wire tetrodes while occupying only a fraction of the brain volume (e.g., a 4-channel electrode with 5-m fibers and 10-m spacing has one-fifth the volume of a conventional wire tetrode made from 10-m wires). Despite the small size, the electrodes were found to be mechanically strong, enabling easy penetration in tissue.
The ultrasmall size of the developed electrode helps to minimize the amount of damage done to the neurons to be investigated. Indeed, a recent work has shown that electrodes Ͻ12 m in diameter do not induce glial scarring in chronic implantations, which is one of the major challenges in longterm implantations (Clark et al. 2010; Seymour and Kipke 2007) . We also suggest that the minimally disruptive nature of the new electrodes may help to reduce the "dark matter" problem related to neural recordings (Buzsaki 2004; Shoham et al. 2006) . In most experiments, the number of actually recorded neurons is a mere fraction of the total amount of neurons inside the theoretical recording volume of the electrodes. It is possible that this is at least partially caused by damage done to local circuitry by the electrode insertion, although it is also likely that a large fraction of neurons are missed because they have very low inherent activity or low spike amplitudes. Fig. 5 . Effect of intersite distance on cross-channel signal correlation. A: raw data recorded with an electrode similar to that shown in Fig. 4C . B: 5 spike waveforms from a recording with an electrode similar to that shown in Fig. 4C . Each trace displays 50 randomly selected spikes (black) and the average of all spikes in the cluster (white). Spike waveforms from the 4 recording channels are concatenated in time. C: 3 spike waveforms from a recording with an electrode similar to that shown in Fig. 4A . D: 2 spike waveforms from a recording with an electrode similar to that shown in Fig. 4B.   Fig. 6 . A sample recording in the fly lobula plate. A: raster plots of responses of 5 simultaneously recorded neurons; each plot shows 20 trials. Horizontal bar above raster plots shows when the virtual world was visible (otherwise there was darkness). Shaded areas represent timing of rotations that mimic pitch, yaw, and roll maneuvers of flight with angular velocity of rotations of 240°/s; arrows indicate the direction of each rotation relative to the fly's head. B: concatenated spike waveforms of each neuron on 6 channels. C: histograms of the interspike intervals of the responses (0.1-ms bins).
The novel method has several interesting possibilities for further development. As an obvious target, the bulky back end of the electrodes would need to be significantly reduced in size to make them suitable for chronic implantations. Another opportunity would be to apply the multichannel electrodes for electrochemistry to measure neurotransmitter concentrations, which is already well established for single carbon fibers (Clark et al. 2010 ). Finally, a development of the manufacturing process would enable straightforward integration of injection channels or optic fibers to the electrodes. This could make them suitable for emerging optrode techniques used, for example, for local electroporation of neurons in vivo.
To summarize, we have developed novel electrodes that are significantly smaller in size than conventional ones (e.g., wire tetrodes) and that can be fully customized to the needs of the target neurons. This should make it possible to use them to examine neural populations that have previously been neglected in experiments because the electrodes have been too large compared with the cell or animal model size.
